(Received 1 August 2017; accepted 3 October 2017; published online 27 October 2017) Regions of hypoxia are common in solid tumors and are associated with enhanced malignancy, metastasis, and chemo/radio resistance. Real-time hypoxic cellular experimentation is challenging due to the constant need for oxygen control. Most microfluidic platforms developed thus far for hypoxic cell studies are burdened by complex design parameters and are difficult to use for uninitiated investigators. However, open-well microfluidic platforms enable short and long term hypoxic cell studies with an ease of use workflow. Specifically, open-well platforms enable manipulation and addition of cells, media, and reagents using a micropipette for hypoxic cell studies in tunable dissolved oxygen concentrations as low 0.3 mg/l. We analyzed design considerations for open-well microfluidic platforms such as media height, membrane thickness, and impermeable barriers to determine their effects on the amount of dissolved oxygen within the platform. The oxygen concentration was determined by experimental measurements and computational simulations. To examine cell behavior under controlled oxygen conditions, hypoxia-induced changes to hypoxia inducible factor activity and the mitochondrial redox environment were studied. A fluorescent reporter construct was used to monitor the stabilization of hypoxia inducible factors 1a and 2a throughout chronic hypoxia. Reporter construct fluorescence intensity inversely correlated with dissolved oxygen in the medium, as expected. Additionally, the glutathione redox poise of the mitochondrial matrix in living cancer cells was monitored throughout acute hypoxia with a genetically encoded redox probe and was observed to undergo a reductive response to hypoxia. Overall, these studies validate an easy to use open-well platform suitable for studying complex cell behaviors in hypoxia. Published by AIP Publishing. https://doi.org/10.1063/1.4998579
I. INTRODUCTION
In solid tumors, poorly arranged and malfunctioning vasculature can cause regions that exhibit physiologically low levels of oxygen. [1] [2] [3] [4] [5] These hypoxic regions present a unique set of challenges in the treatment of solid tumors. Clinically, tumor hypoxia is a negative prognostic indicator for a more aggressive phenotype and is associated with the therapeutic resistance. 6, 7 Functional definitions of hypoxia often differ among disciplines, and, as a result, widely varying a) M. B. Byrne and M. T. Leslie contributed equally to this work. b) Author to whom correspondence should be addressed: kenis@illinois.edu. Telephone: (217)244-9214. Fax: (217)333-5052.
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Published by AIP Publishing. 11, 054116-1 "hypoxic" oxygen levels are reported in the literature. 3, 8 Furthermore, in vivo measures of tumoral hypoxia also range broadly depending on the tissue of origin, cancer subtype, disease stage, the presence of other complicating medical factors, and the method of oxygen measurement. 8 Table I displays oxygenation values for a number of malignancies compared to respective "normal" tissues. 2 One defining cellular response to hypoxia is the stabilization of the alpha subunit of the heterodimeric transcription factor hypoxia inducible factor (HIF). In the presence of physiologic oxygen, HIF-1a and HIF-2a (herein referred to collectively as HIF-a) are constitutively expressed, marked for ubiquitination via oxygen-sensitive prolyl hydroxylases, and subsequently degraded. [9] [10] [11] However, in low oxygen environments, this process is interrupted, whereby the alpha subunits accumulate and dimerize with a HIF-b subunit, generating a functional HIF heterodimer. 11 The HIF heterodimer serves as a major transcription factor, inducing the expression of more than 100 genes, including those that regulate metabolism, cell signaling, erythropoiesis, angiogenesis, cell proliferation, and apoptosis. 12 Another defining cellular response to hypoxia is mitochondrial generation of reactive oxygen species (ROS). The enhanced production of mitochondrial-derived ROS in hypoxia has been hypothesized to represent a cellular response to lowered oxygen availability and is necessary for the stabilization of HIF. [13] [14] [15] Studies using live cell glutathione redox biosensors to indirectly monitor ROS production in hypoxia, combined with pharmacologic and genetic modulation of antioxidant systems, have provided a well-characterized map of subcellular responses to lowered oxygen tensions. [16] [17] [18] [19] [20] [21] [22] [23] [24] During hypoxia, ROS are produced on the outer leaflet of the inner mitochondrial membrane, which oxidizes the mitochondrial intermembrane space and cytosol and stabilizes HIF-a. 14, 20 Furthermore, hypoxic ROS production is accompanied by reduction of glutathione in the mitochondrial matrix, perhaps because ROS usually generated in the mitochondrial matrix are directed outward into the intermembrane space and cytosol during hypoxia. 20, 22, 23 Thus, hypoxia induces differential subcellular redox responses that may regulate cellular signaling, as well as metabolic responses to lowered oxygen tensions. Given this, it is important to match in vitro studies as closely as possible to the in vivo conditions of the tumor microenvironment. However, even simple in vitro hypoxic studies are complicated by the rigors of hypoxic experimentation and the need for constant oxygen control. Therefore, methods that enable control over oxygen conditions during cell studies are essential to understand the behavior of cancer cells under hypoxia.
Microfluidic platforms have been developed to control oxygen concentrations within the cellular microenvironment. 25 One approach is to fabricate platforms from gas impermeable materials to create closed systems with controlled oxygenation values. [26] [27] [28] [29] [30] In contrast, other devices fabricated with gas permeable materials have cell chambers located adjacent to and equilibrated with hypoxic gas channels. [31] [32] [33] [34] [35] [36] In general, these devices enable real-time imaging of cellular events and reduce equilibration times compared to conventional hypoxic study [38] [39] [40] These devices enable easy manipulation of cells, media, and reagents using a micropipette while still controlling oxygen tensions. However, the design considerations that affect oxygen conditions within these microfluidic platforms have not been fully characterized.
Here, we present the effects of design considerations on the oxygen concentration within an open-well microfluidic platform for cell studies. The platform enables control of dissolved oxygen ranging from 6.5 mg/l to 0.3 mg/l, an ideal range for the study of hypoxia in tumor microenvironments. 2 The open-well design allows for cells and reagents to be added using a micropipette, thus eliminating the need for ancillary pumps and tubing common in microfluidic culture systems. The amount of dissolved oxygen within the platform was experimentally and computationally determined with varying platform parameters such as gas composition, addition of a gas-impermeable barrier, membrane thickness, and media height. Arguably, the two most physiologically important aspects of cellular hypoxia are the stabilization of the major transcription factor HIF and the mitochondrial production of reactive oxygen species. Therefore, Chinese hamster ovary (CHO) cells expressing an HIF reporter construct were introduced within the platform and exposed to chronic hypoxia. HIF activity levels at varying amounts of dissolved oxygen were monitored via eYFP fluorescence. Furthermore, A549 lung adenocarcinoma cells expressing the Grx1-roGFP2 redox biosensor were cultured within the platform, and the redox state of the mitochondrial matrix during acute hypoxia was examined. These studies fully characterize a microfluidic platform in which complex hypoxic cell studies can be conducted by researchers with minimal microfluidic expertise.
II. EXPERIMENTAL MATERIALS AND METHODS

A. Platform fabrication and design
To create the gas channel layer, high-resolution printing (5080 dpi) was used to create a mask with the designed pattern on a transparency film. The mask was used to pattern 20 lm high features out of SU-8 2025 photoresist (Microchem, Newton, MA) on a silicon wafer by photolithography. [41] [42] [43] Poly(dimethysiloxane) (PDMS; General Electric RTV 650 Part A/B, Niskayuna, NY) was patterned on the silicon wafer by spin-coating and curing the pre-polymer for 30 min at 70 C. 44 The cell chamber was created by punching a 4-mm wide hole in a cured PDMS slab. The PDMS slab was then irreversibly bonded to the gas layer by treatment with air plasma for 90 s (Model PDC-001, Harrick Scientific, Pleasantville, NY). Inlets and outlets for the gas stream were created in PDMS using a 23 G steel punch. The surface of the PDMS replica and a clean glass coverslip (Fisher Scientific, Waltham, MA) were treated with air plasma for 90 s and irreversibly bonded to complete the device assembly. The device inlets were then connected to a gas cylinder (SJ Smith, Urbana, IL) with PTFE tubing (24 G, Cole-Parmer, Vernon Hills, IL), and the gas flow rate was controlled via a mass flow controller (Sierra Instruments SmartTrak 2, Monterey, CA).
B. PDMS membrane thickness
The PDMS membrane thickness was controlled by spincoating PDMS at calibrated rotational speeds. To measure the membrane thickness, images of the membranes were acquired using an optical microscope (Leica Z16 APO) equipped with a digital camera (Leica DFC280). The membrane was imaged on its side in order to determine the thickness. The thickness of the membrane was then measured by analyzing the images using ImageJ (NIH).
C. Cell culture and genetic construct
Chinese hamster ovary (CHO) cells (ATCC CCL-61, Manassas, VA) were cultured in Dulbecco's modified eagle medium supplemented with 10% fetal bovine serum (FBS) (Gemini Bio-Products, Woodland, CA) and 100 U/ml penicillin/streptomycin (Gibco, Carlsbad, CA). Lung carcinoma A549 cells, a gift from Dr. Paul Hergenrother (University of Illinois), were cultured in Roswell Park memorial institute medium 1640 supplemented with 10% fetal bovine serum (Gemini Bio-Products) and 100 U/ml penicillin/streptomycin (Gibco). All cells were cultured at 37 C with 5% CO 2 and passaged regularly at 70%-80% confluence. All experiments were performed on sub-confluent cultures in Matrigel (BD Biosciences, San Jose, CA) within the microfluidic device. Cells were encapsulated in Matrigel by mixing at a volumetric ratio of 30 cells:70 Matrigel and were loaded into the device via a micropipette.
D. Stable expression of genetic constructs
Stable expression of the 6U-HBR plasmid (plasmid 42621, Addgene, Cambridge, MA) in CHO cells was achieved via lentiviral transduction. 45 To produce lentiviral particles, the 6 U-HBR plasmid was transfected into HEK293T cells (Invitrogen, Carlsbad, CA) by lipofectamine transfection (Life Technologies, Carlsbad, CA) as suggested by the manufacturer. 45 The medium was changed 24 h after transfection, and viral supernatants were collected and filtered after 72 h. The viral supernatants were centrifuged at 6000 rpm for 45 min at 4 C. The concentrated viral particles were then added into the CHO cell medium, creating a stably transfected cell line. After creation of the stable cell line, cells were harvested and resuspended at a concentration of 10 6 cells/ml. The mitochondrial matrix targeted redox-sensitive biosensor Grx1-roGFP2 was a gift from Dr. Tobias Dick (German Cancer Research Center, Heidelberg, Germany). The original construct was subcloned into a lentiviral pCDH-CMV-MCS-EF1-puro vector (System Biosciences, Palo Alto, CA). Plasmid transfection to generate viral particles was performed using Lipofectamine 2000 according to manufacturer protocols.
E. Chemicals and reagents
Diamide and DTT (Sigma Aldrich, St. Louis, MO) were resuspended in Dulbecco's phosphate buffered saline (Mediatech, Manassas, VA) and delivered sequentially via micropipette bolus addition following each experiment for redox calibration. A fluorescent dye, ruthenium tris(2,2 0 -dipyridyl) dichloride hexahydrate (RTDP) (Sigma Aldrich), was used to experimentally measure the amount of dissolved oxygen in solution in the microfluidic platform. An oxygen scavenging chemical, sodium sulfite (Sigma Aldrich), was used to calibrate the fluorescent dye by creating an anoxic state.
F. Experimental measurement of dissolved oxygen
To measure the amount of dissolved oxygen within the microfluidic platform, the RTDP fluorescent dye was introduced into the cell chamber of the platform. 46, 47 The fluorescence of RTDP is quenched in the presence of oxygen. Thus, by starting at atmospheric conditions (9.1 mg/l O 2 ) and then introducing gas into the platform, the change in fluorescence intensity can be related to the amount of dissolved oxygen using the Stern-Volmer equation [Eq. (1)]:
The uninhibited dye intensity, I 0 , was found by introducing sodium sulfite, an oxygen-scavenging chemical, to create anoxic (0.0 mg/l O 2 ) conditions and calibrate the readings. [48] [49] [50] Sodium sulfite has been demonstrated to create anoxic conditions in liquids exposed to the atmosphere. 50 The quenching constant, K q , was calibrated using the fluorescence intensity at atmospheric and anoxic conditions. The images were acquired with the platform loaded onto a stage heated to 37 C and using an inverted fluorescent microscope (Leica DMI 400b) with a 20 Â 0.4 NA objective. The fluorescence intensity was measured using ImageJ ROI manager. 51, 52 G. Computational modeling of dissolved oxygen within the microfluidic platform A computational model of the microfluidic platform was constructed using the finite element analysis software Comsol (Comsol, Burlington, MA). Transient and steady-state numerical simulations were performed by solving the convection-diffusion equation. The simulations enabled investigation and computation of the amount of dissolved oxygen in the device when parameters such as PDMS membrane thickness, media height, and gas stream composition varied.
The amount of dissolved oxygen in solution is dependent upon the amount of salt and temperature in the solution. For experiments using the medium at 37 C, the initial oxygen concentration is modeled to be 6.5 mg/l O 2 . For experiments using water at room temperature, the starting oxygen concentration is modeled to be 9.0 mg/l O 2 .
H. Microscopy and image processing of HIF-a stabilization experiments Cells were incubated in the microfluidic platform in an incubator at 37 C and the specified gas concentration. To analyze the fluorescence response of the CHO cells, images were acquired using a laser scanning confocal microscope (Zeiss LSM 710) with a 20 Â 0.8 NA objective. The fluorescence intensity of each cell was measured using ImageJ ROI manager. [51] [52] [53] I. Microscopy, image processing, and statistical analysis of redox experiments Just prior to redox imaging, cells were washed twice and the medium was replaced with Dulbecco's phosphate-buffered saline supplemented with 5% FBS and 10 mmol/l glucose to avoid changes in redox poise resulting from media oxidation. 54 Redox experiments were performed using a 63Â oil objective on an inverted fluorescent microscope (Axiovert 200 M, Carl Zeiss, Feldbach, Switzerland) with an environmental control chamber (37 C and 5% CO 2 ). Time-resolved images (512 Â 512 pixels) were taken with excitation filters 395/11 and 494/ 20 nm, a 510 nm dichroic mirror, and a 527/20 nm emission filter (Semrock, Rochester, NY). Images were acquired every 45 s for 2 h to monitor the redox status. Following each experiment, the live cell biosensor was calibrated by sequential addition of the strong oxidant diamide and strong reductant DTT while acquiring images every 20 s. Images were exported to Axiovision data analysis software in which the region of interest (containing at least 5 cells) and background intensities were identified. Percent oxidation of Grx1-roGFP2 was calculated from background-corrected fluorescence intensities of both excitation channels in accordance with Eq. (2), where F, F ox , and F red are the 395:494 nm excitation ratios at the steady state, full oxidation, and full reduction, respectively. The fully oxidized and reduced fluorescence intensities at 494 nm are I ox and I red . The analysis of variance was performed to determine the statistical significance between normoxic and hypoxic experimental groups (p < 0.05).
III. RESULTS AND DISCUSSION
A. Design of open-well microfluidic platform to control oxygen concentrations
A microfluidic platform was designed and fabricated that enables cell studies under controlled oxygen conditions. The device enables easy manipulation of cells, reagents, and media with a micropipette while controlling the amount of dissolved oxygen. The platform is comprised of two PDMS layers, a gas layer, and a cell layer (Fig. 1) . The open-well cell layer, residing on top of the gas layer, enables cells to be added into a 4-mm wide cell chamber via a micropipette. After addition of the cell/hydrogel mixture and brief 37 C incubation for hydrogel encapsulation, culture media can be added directly to the cell chamber via a micropipette. The gas layer runs at the base of the platform and is comprised of 50 parallel channels. Each channel is 20 lm tall, 50 lm wide, and patterned 50 lm apart. Gas streams flow through the channels and diffuse through the PDMS membrane to the cell chamber, enabling control over the amount of dissolved oxygen. Similarly, designed platforms have been proven to enable control over the amount of dissolved oxygen, manipulation of cells, and studies of complex cellular response to hypoxia. 39 Going forward, this work enables understanding of how different design considerations impact the oxygen concentration within the microfluidic platform and demonstrate its utility by performing complex cellular assays.
B. Validation of the dissolved oxygen concentration within the microfluidic platform
To determine the amount of dissolved oxygen within the microfluidic platform, both computational simulations and experimental measurements were performed. For both, a PDMS membrane thickness of 20 lm and a media height of 1.5 mm were used unless stated otherwise. The amount of dissolved oxygen within the microfluidic platform was computationally simulated by developing a model of the device using the finite element analysis software Comsol (Fig. 2) . The transient simulation determined the amount of dissolved oxygen at different time points after a gas stream with a composition of 0% oxygen (v/v) was introduced into the microfluidic platform. The simulated amount of dissolved oxygen equilibrated within 5 min of the gas stream introduction. This model was further employed to investigate the effects of the media height, membrane thickness, and the addition of an impermeable barrier on the amount of dissolved oxygen within the platform.
The amount of dissolved oxygen within the microfluidic platform was experimentally measured by analyzing the change in fluorescence of RTDP, the fluorescence of which is quenched in the presence of oxygen. Thus, changes in fluorescence intensity can be correlated with the amount of dissolved oxygen in the system. However, using this method to resolve small differences in the oxygen concentration in a statistically significant manner is challenging due to noise in emission strength and detector capability. Still, the amount of dissolved oxygen within the platform was measured as gas streams with compositions of 0%, 1%, and 5% O 2 (v/v) being introduced (Fig. 3) . Expectedly, the amount of dissolved oxygen within the platform changed as the concentration of oxygen in the gas stream was modulated. Furthermore, the amount of dissolved oxygen equilibrated within 10 min of gas being introduced. Overall, the computational simulations predict an amount of dissolved oxygen similar to the experimentally measured values, demonstrating agreement between our computational and experimental results.
C. Effects of an oxygen impermeable barrier on dissolved oxygen concentrations
The open-well design of the microfluidic platform enables easy manipulation of cells and reagents. However, this feature also allows some oxygen from atmospheric air to diffuse to cells residing at the bottom of the cell chamber (Fig. 1) . This atmospheric oxygen compromises the control of the amount of dissolved oxygen present in the cellular microenvironment. One method to increase control over the oxygen conditions is to simply place an oxygen impermeable barrier on top of the open-well cell chamber. To determine the effects of placing this barrier on the microfluidic platform, the equilibrated amount of dissolved oxygen was both simulated and experimentally measured with the open well simply covered by a glass coverslip, which acts as an oxygen impermeable barrier (Fig. 4) . The equilibrated amount of dissolved oxygen within the microfluidic platform was reduced from approximately 0.6 mg/l O 2 in the open-well condition to approximately 0.3 mg/l O 2 with the impermeable barrier. The difference in dissolved oxygen within the device with addition of a gas-impermeable barrier was not found to be statistically significant in this study. However, the use of a gas-impermeable coverslip is a FIG. 2 . Computational model developed to simulate the amount of dissolved oxygen within the microfluidic platform. The dissolved oxygen was simulated at different time points after introducing a gas stream with a composition of 0% oxygen (v/v) into the gas channels of the microfluidic platform. FIG. 3 . Experimental measurements of dissolved oxygen in the main chamber of the microfluidic platform. The gas stream composition was varied from 0% to 5% oxygen (v/v). A membrane thickness of 20 lm and a media height of 1.5 mm were used during all measurements. Error bars represent the standard deviation calculated from all experiments for each gas composition; experiments were repeated six times.
simple, mechanistically intuitive method to reduce diffusion of atmospheric oxygen into the microfluidic platform. The trend of decreased oxygen concentrations with a gas-impermeable coverslip displayed in Fig. 4 agrees with this mechanism. Thus, this design consideration provides a potential solution to further reduce oxygen concentrations. Furthermore, by placing but not bonding the coverslip barrier, the platform retains all of the desired functionality, while control over oxygen conditions is increased.
D. Effects of the media height and membrane thickness on dissolved oxygen concentrations
In the designed microfluidic platform, gas diffuses from the gas channel through the PDMS membrane to the cell chamber (Fig. 1) . Diffusion of oxygen via this route enables control over the amount of dissolved oxygen within the microfluidic platform. Thus, modulating the PDMS membrane thickness will affect the amount of dissolved oxygen within the solution. To determine the effect of PDMS membrane thickness on the amount of dissolved oxygen, the equilibrated amount of dissolved oxygen was both computationally simulated and experimentally measured [ Fig. 5(a) ]. The membrane thickness was varied from 20 to 150 lm, resulting in a change in the amount of dissolved oxygen from approximately 0.7 mg/l O 2 to 2.0 mg/l O 2 . Expectedly, the amount of dissolved oxygen within the platform increases as the membrane thickness increases. Thus, to reduce the amount of dissolved oxygen, the membrane should be as thin as possible.
Another design parameter for the microfluidic platform that affects the amount of dissolved oxygen is the media height. Oxygen from the atmospheric air diffuses through the media to the cells located at the bottom of the cell chamber. Thus, the relationship between the media height and the amount of dissolved oxygen within the platform was explored. The media height was varied from 0.5 to 1.5 mm, and the amount of dissolved oxygen within the microfluidic platform was experimentally measured and computationally simulated [ Fig. 5(b) ]. The amount of dissolved oxygen decreased as the media height increased, an effect likely because the increased distance oxygen from the atmospheric air must diffuse to reach the bottom of the cell chamber. In addition, one should note that the media height will change over long time periods due to evaporation, potentially affecting the amount of dissolved oxygen. Overall, both the media height and membrane thickness affect the amount of dissolved oxygen within an open-well microfluidic platform. E. Measuring HIF-a stabilization and transcriptional activity under varying amounts of dissolved oxygen Sub-physiologic oxygen levels are well known to fundamentally regulate many aspects of cell biology. Many of the cellular effects of hypoxia involve the transcription factor HIF. Thus, measuring HIF levels at varying amounts of dissolved oxygen will help to better understand the link between hypoxia and cell behavior. To measure this and to provide cell context specific validation of the hypoxia platform, a genetically encoded reporter construct consisting of tandem repeats of HIF binding sites in the promoter of the eYFP gene was employed to monitor HIF-a stabilization as a function of hypoxia. The 6 U-HBR (HIF-binding repeats) reporter has previously been demonstrated to correlate with HIF protein levels. 45 Chinese hamster ovary (CHO) cells stably expressing the reporter were introduced into the microfluidic platform and exposed to amounts of dissolved oxygen ranging from 0.3 mg/l O 2 to 6.5 mg/l O 2 , as previously demonstrated, for 14 h, and HIF protein levels were measured by analyzing the fluorescent expression of eYFP (Fig. 6) . The initial media height for all conditions was 150 lm, a level which was preserved throughout the experiment by adding 5-10 ll boluses of media after hours 5 and 10 to minimize evaporation. HIF protein levels were increased after 12 h of incubation in Redox reactions dictate the protein shape, modulate enzyme activity, initiate gene transcription, and define cellular metabolism. When redox poise fails and cells become oxidized, cellular death soon follows. 55 Glutathione, which exists in a dynamic redox couple comprised of both an oxidized and a reduced form, is the most abundant non-protein thiol antioxidant in eukaryotic cells, and thus, it is used an indicator of the local redox environment and relative oxidative stress. 56 During hypoxia, glutathione in the cytosol and mitochondrial intermembrane space becomes oxidized, whereas the mitochondrial matrix pool becomes reduced. [15] [16] [17] [18] [20] [21] [22] [23] [24] 57 This is both mechanistically intriguing and of potential importance to mitochondrial energy generation. To our knowledge, the redox response of the mitochondrial matrix of transformed cells in hypoxic conditions has not previously been investigated. Thus, A549 lung carcinoma cells expressing mitochondrial matrix targeted Grx1-roGFP2, a redox-sensitive fluorescent biosensor fused to glutaredoxin to improve probe kinetics, were cultured within the open-well platform and exposed to hypoxia (Fig. 7) . The Grx1-roGFP2 biosensor has two fluorescent excitation peaks, 395 and 494 nm; the ratio of the fluorescence emission of these channels at 509 nm corresponds to the oxidation/reduction of the compartmentalized glutathione couple. 58, 59 Following each experimental observation, the biosensor is calibrated with the addition of a strong oxidant, diamide, followed by a strong reductant, DTT, to define full oxidation and full reduction and to enable calculations of percent oxidation [ Fig. 7(b) ; Eq. (2)].
Percent oxidation of the mitochondrial matrix did not significantly deviate throughout normoxia but underwent a significant 10% reduction during 0.3 mg/l O 2 hypoxic culture (p < 0.05) [ Fig. 7(c)] . A similar response was observed in non-transformed CHO cells (data not shown). These results are consistent with previous reports in other cell types although the loss of oxidation observed in the mitochondrial matrix is noticeably slower than that reported previously. 20, [22] [23] [24] 57 The extent to which this may reflect differences in freshly isolated primary cells versus longestablished oxy-tolerant cell lines is unknown. Despite the understanding of hypoxia as a prooxidative insult, the observation of mitochondrial matrix glutathione reduction during hypoxia reinforces the understanding that interorganellar redox poise is independently maintained and distinctly altered by environmental insults. 15, 60 The reductive response of the mitochondrial matrix has previously been hypothesized to reflect the production of ROS away from the mitochondrial matrix outward into the intermembrane space or to be mediated by the buildup of matrix reducing equivalents as a result of slowed oxidative phosphorylation. 20, 23, 57 Distinguishing between these possibilities and further defining the mechanism of mitochondrial matrix reduction in hypoxia will require further investigation. Because mitochondrial redox balance regulates energy production and apoptosis, future studies in this area may yield novel strategies to promote tumor cell death.
IV. CONCLUSIONS
We report the effect of design considerations on an open-well microfluidic platform for cell studies under controlled oxygen conditions. The open-well design of the device enables easy handling and addition of cells and reagents using a micropipette and provides a single combined space in which to propagate, image, and experimentally modulate cell cultures. To validate the amount of dissolved oxygen within the platform, both experimental measurements and computational simulations were performed. Placing a glass coverslip on top of the device provided an oxygen impermeable barrier that enabled enhanced control of dissolved oxygen concentrations. The effects of design parameters such as membrane thickness and media height on the amount of dissolved oxygen within the device were also explored. Finally, two studies of hallmark cellular responses to hypoxia were conducted in the microfluidic platform: HIF-a stabilization and changes to redox homeostasis resulting from ROS production. Overall, the open-well microfluidic platform described provides an ease-of-use approach for studying complex cellular responses to hypoxia.
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